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Abstract
Thermal and isospin composition effects over the heat capacity of infinite nuclear matter are
studied within the binodal coexistence region of the nuclear phase diagram. Assuming the in-
dependent conservation of both proton and neutron densities, a second order phase transition is
expected, leading to a discontinuous behavior of the heat capacity. This discontinuity is analyzed
for the full range of the thermodynamical variables coherent with the equilibrium coexistence of
phases. Two different effective models of the nuclear interaction are examined in the mean field
approximation, the non-relativistic Skyrme force and the covariant QHD formulation. We found
qualitative agreement between both descriptions. The discontinuity in the specific heat per particle
is finite and decreases with both the density of particles and the isospin asymmetry.
As a byproduct the latent heat for isospin-symmetric matter is considered.
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I. INTRODUCTION
The in-medium nuclear interaction gives rise to a complex thermodynamical phase dia-
gram. Several phases are expected to take place as temperature and density are varied, as for
instance superfluid, superconducting, boson condensed, Bose-Einstein condensed deuterons,
and quark deconfined phases. Along these thermodynamical changes some constraints must
be fulfilled, such as conservation of baryonic number, electric charge, etc., which have severe
consequences on the evolution of the state of matter.
As a typical situation we can mention the liquid-gas phase transition (LGPT), expected to
occur in the low density-low temperature regime of the nuclear matter. It is a subject of
study since long time ago, and it has received renewed attention in recent years [1–5]. The
theoretical treatment requires an interesting combination of quantum statistical approaches
with models of the nuclear interaction. The contrast with empirical results could be made
in the field of ion collision experiences, see for example [6], as well as with observational
data concerning the thermal equilibration of proto-neutron stars [7, 9]. Different situations
prevent a direct application of the theoretical predictions, for instance, finite size effects are
significant in heavy ion collisions. Furthermore, the very short characteristic times of the
reactions, turn it dubious the applicability of equilibrium thermodynamics.
On the other hand, the possible frustration of the binodal transition and the coming up of a
non-homogeneous phase near the surface layer of neutron stars complicate the interpretation
of the transport properties of the star matter.
It is clear that detailed calculations should take into account a multitude of specific effects.
However, with the purpose of highlight the basic features, some simplified calculations are
admissible and they serve as a useful reference for more complex statements [5].
The existence of more than one conserved charge is a feature of the above mentioned situa-
tions. A phase transition taking place under such requirements has distinctive consequences,
such as the fact that the conserved charges do not distribute uniformly among the coexisting
phases [10]. Certainly, the isospin fractionation observed in multifragmentation experiences
[11] could be the fingerprint of a LGPT occurring after the collision.
A variety of models and approximations have been used to describe the nuclear equa-
tion of state. The combination of mean field approaches with effective models, adjusted
to reproduce the nuclear phenomenology, offers the advantages of simple calculations and
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reliable results. Among the most used representations of the nuclear force, we can mention
the non-relativistic Skyrme model and the covariant formulation known as Quantum Hadro-
Dynamics (QHD). They have dissimilar foundations, a density dependent nucleon-nucleon
potential and a covariant exchange of mesons are respectively used, but eventually both give
rise to an energy density functional. Within this formulation, they can be fairly compared.
The fact that nuclear systems could have more than one conserved charge, has noticeable
consequences on the evolution of the thermodynamical instabilities. Indeed, there is a change
in the order of the transition, allowing a continuous variation of the thermodynamic poten-
tials. Discontinuities are relegated to the first derivatives, corresponding, for instance, to
the compressibility and heat capacity of the system.
It is worthwhile to mention that the inclusion of other effects, such as the Coulomb and
surface tension forces, could change dramatically this description [8].
In the present work we intend to study the behavior of the heat capacity of infinite nuclear
matter within the coexistence region. The heat capacity is of great significance, for instance,
in the evaluation of the rate of change of temperature through the outer shell of young neu-
tron stars [9]. It has also been studied in relation to the nuclear multifragmentation, where
it is considered as an indicator of the LGPT [12, 13]. A statistical model of multinucleon
clusters was frequently used for this purpose, focusing the calculations in the low isospin
asymmetry regime. The upper limit for the temperature is determined by a characteristic
value, of the order T ∼ 10 MeV, for which clusters start to dissolve.
In this work we explore a wide range of temperature, particle density and isospin composi-
tion, which can be easily combined in a mean field calculation. We examine two effective
models of the nuclear interaction: the Skyrme potential and the QHD relativistic formula-
tion.
This article is organized as follows. The general features of the models are presented in the
next section, the results are shown and discussed in Section III. A final summary is given in
Section IV.
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II. THE NUCLEAR LIQUID-GAS PHASE TRANSITION IN DIFFERENT MOD-
ELS
In order to check the generality of the results found, two phenomenological models of
the nuclear force have been used. In first place the well known Skyrme model, where
medium effects are included through density dependent parameters for the nucleon-nucleon
potential. As an alternative formulation, we choose the QHD model. Here the interaction
is mediated by meson fields, which are evaluated in a self-consistent way.
In both cases the isospin composition can be easily handled. It can be parameterized by the
asymmetry fraction w = (n2 − n1)/n, with n1, n2 standing for the particle number density
of protons and neutrons respectively, and n = n1 + n2 is the total nucleon density.
We assume both proton and neutron numbers are conserved independently. Hence,
different chemical potentials µa can be assigned to each isospin component. The statistical
distribution function can be written fa(T, p) = [1 + exp β(εa(p)− µa)]
−1, where the particle
energy spectrum εa(p) is provided by the proposed model.
Throughout this article we use units such that c = 1, ~ = 1, kB = 1.
A. The Skyrme model
The Skyrme model is a well known effective formulation of the nuclear interaction [14].
It consists of a basic Hamiltonian with contact potentials and density dependent coefficients
vSky(r1, r2) = t0(1 + x0 Pσ)δ(r1 − r2) +
1
2
t1(1 + x1 Pσ)
[
←
q
2
δ(r1 − r2)+
→
q
2
δ(r1 − r2)
]
+ t2(1 + x2 Pσ)
←
q ·δ(r1 − r2)
→
q +
1
6
t3(1 + x3 Pσ)δ(r1 − r2)ρ
γ((r1 + r2)/2)
+ iW0(σ1 + σ2)·
←
q ×δ(r1 − r2)
→
q
where σk represent the Pauli matrices for spin, Pσ = (1 + σ1 · σ2)/2 is the spin exchange
operator, and q = −i(∇1−∇2)/2 is the relative momentum operator. Several parameteriza-
tions have been given, according to the applications planned. They cover from exotic nuclei
to stellar matter.
By taking the Hartree-Fock expectation value from this force, an energy density functional
is obtained, which for infinite homogeneous nuclear matter is given by
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ESkm = δs
∑
j
Kj
2m∗j
+
1
16
(a0 + a2w
2) n2. (1)
the factor δs = 2 takes account of the spin degeneracy, and the kinetic density of particles
with isospin j (j=1,2 for protons and neutrons, respectively) is given by
Kj =
1
(2pi)3
∫
d3p p2fj(T, p) (2)
Here, fj(T, p) is the Fermi occupation number for the isospin component j at temperature
T . The effective nucleon mass m∗j for this state is given by
1
m∗j
=
1
m
+
1
4
n (b0 − b2wIj) (3)
m represents the in vacuum degenerate nucleon mass, and Ij = (−1)
1+j .
The density dependent coefficients a0, a2 and b0, b2 can be expressed in terms of the standard
parameters of the Skyrme model
a0 = 6t0 + t3n
γ , b0 = [3t1 + t2(5 + 4x2)]/2
a2 = −2t0(1 + 2x0)− t3(1 + 2x3)n
γ/3, b2 = [t2(1 + 2x2)− t1(1 + 2x1)]/2
Within a Landau-Fermi liquid scheme, the particle spectra can be obtained by the func-
tional derivatives εas(p) = δESkm/δfas(T, p). In such a way, the following result is obtained
[15]
εj(p) =
p2
2m∗j
+
1
8
vj +∆ε,
vj = (a0 − a2wIj)n+ δs
∑
k
(b0 + IjIkb2)Kk
∆ε =
[
3n2 − (1 + 2x3)n
2w2
]
σt3n
σ−1/48
The set of self-consistent equations is completed with the relation between the conserved
particle numbers and the corresponding chemical potentials
nj =
δs
(2pi)3
∫
d3p fj(T, p) (4)
B. QHD model
This is a model of the covariant field theory, proposed to deal with in-medium nuclear
properties [16]. The interaction is mediated by iso-scalar mesons σ and ωµ, the first one can
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be considered as a resonant state. In the present case the isovector mesons φ and ρµ are
also included, as well as polynomial terms in the σ field.
The lagrangian density is
L = Ψ¯ (i 6∂ −M + gs σ + gc τ · φ− gw 6ω − grτ · 6ρ) Ψ +
1
2
(∂µσ∂µσ −m
2
sσ
2)−
A
3
σ3 −
B
4
σ4 +
1
2
(∂µφ · ∂µφ−m
2
cφ
2)−
1
4
F µνFµν +
1
2
m2wω
2 −
1
4
Rµν · Rµν +
1
2
m2rρ
2
where Ψ(x) is the isospin multiplet nucleon field, Fµν = ∂µων−∂νωµ, Rµν = ∂µρν−∂νρµ, and
gs, gc, gw, gr, A, and B are coupling constants. The nonlinear self-interaction of the σ meson
is necessary to obtain an adequate behavior for the incompressibility around the saturation
density.
Within a mean field approximation, the equations of motion are
(i 6∂ −M + gsσ + gcτ3φ− gwγ0ω − grγ0τ3ρ) Ψ = 0, (5)
m2sσ + Aσ
2 +Bσ3 = gs
∑
j
nsj, m
2
wω = gw
∑
j
nj
m2cφ = gc
∑
j
Ij nsj m
2
rρ = gr
∑
j
Ij nj.
As in the previous section, the density of particles with isospin projection j is represented
by nj =< Ψ¯jγ0Ψj >, whereas nsj =< Ψ¯jΨj > was used for the scalar density. They can be
explicitly written as
nj = δs
∫
d3p
(2pi)3
fj(p, T ), nsj = δs
∫
d3p
(2pi)3
fj(p, T )
mj
Epj
where mj = m− gs σ − gcIjφ is the in-medium effective mass and Epj =
√
p2 +m2j . Due to
the assumed isotropy, only the zero component of the vector fields survives. Furthermore
as there are not decaying channels between nucleons, only the third component of the iso-
vectors contributes.
The statistical distribution function fj(p, T ) depends on the quasi-particle energies εj =
Epj + gwω + grIjρ.
The energy density can be obtained by first evaluating the energy-momentum tensor and
then taking mean values. In such a way, it is obtained
E = δs
∑
j
∫
d3p
(2pi)3
εj(p)fj(p) +
1
2
m2sσ
2 +
1
2
m2cφ
2 +
1
2
m2wω
2 +
1
2
m2rρ
2 +
A
3
σ3 +
B
4
σ4
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C. The low density nuclear phase transition
The entropy density for a system in thermodynamical equilibrium is given by
S = −δs
∑
j
∫
d3p
(2pi)3
[fj log fj + (1− fj) log (1− fj)]
It can be used, together with the corresponding energy density E , to evaluate the free
energy density F = E − TS and the pressure P =
∑
j µj nj − F of the system.
A homogeneous system at temperature T and isospin composition n1, n2 remains thermo-
dynamically stable if the free energy per unit volume F is lower than any linear combination
of energies corresponding to independent thermodynamical states, say a and b, satisfying
the conservation laws [10], i. e.
F(T, n1, n2) < λF(T, n
(a)
1 , n
(a)
2 ) + (1− λ)F(T, n
(b)
1 , n
(b)
2 ) (6)
Otherwise, the system becomes unstable and a change of phase is feasible. In such a case,
two states can coexist if they verify the thermodynamical equilibrium conditions
P (T, n
(a)
1 , n
(a)
2 ) = P (T, n
(b)
1 , n
(b)
2 ), (7)
µ
(a)
1 = µ
(b)
1 , µ
(a)
2 = µ
(b)
2 (8)
Within the coexistence region, the total density of particles is a combination of contributions
coming from each phase
nk = λn
(a)
k + (1− λ)n
(b)
k , 0 < λ < 1, k = 1, 2, (9)
where the λ parameter stands for the partial volume fraction of the phase a. As a con-
sequence, if the system has global densities n1, n2, within the binodal region it could be
composed of phases with densities differing considerably from the global values.
Any extensive thermodynamical quantity can be evaluated in a similar way, for instance the
free energy can be written [10], F(T, n1, n2) = λF(T, n
(a)
1 , n
(a)
2 ) + (1− λ)F(T, n
(b)
1 , n
(b)
2 ).
In practice, we proceed as follows. For a given temperature T , we fix the pres-
sure P0 within a reasonable range. We explore this isobar and find a set of values
(n
(a)
1 , n
(a)
2 ), (n
(b)
1 , n
(b)
2 ) which fulfill Eq. (8). For these pairs of states we find all the solutions
(n1, n2, λ) consistent with the requirement of Eq. (9). Exploring the range of temperatures
and pressures for which there exist solutions of Eqs. (7)-(9), we obtain the binodal region
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immersed in a 3-dimensional space, say (T, P, w).
An interesting situation occurs for certain values of the variables (T, P, w), for which the
parameter λ does not exhaust the full range [0, 1]. In such situations λ = 0 at low density,
then it grows with the density, reaches a maximum value and then comes back to zero. This
phenomenon is known as the retrograde transition [10], because the system starts and ends
at the same phase but in between develops a germ of the other phase.
Within these prescriptions the thermodynamical potentials remain continuous throughout
the phase transition. Discontinuities are relegated to their derivatives. Of special meaning
are the heat capacity, compressibility and thermal expansion coefficient. All of them are
evaluated at constant particle number, for instance the heat capacity at constant volume is
defined as cv = (∂S/∂T )N1,N2,V .
Within the binodal this derivative must be done carefully, since the total number of protons
is distributed between the two coexisting phases. Furthermore, the parameter λ of Eq. (9)
has also a temperature dependence which is not explicitly written. Taken these facts into
account, and using Ea = E(T, n
(a)
1 , n
(a)
2 ), Eb = E(T, n
(b)
1 , n
(b)
2 ), the heat capacity per unit
volume in the binodal can be written
cv(T, n1, n2) = λ
(
∂Ea
∂T
)
n1,n2
+ (1− λ)
(
∂Eb
∂T
)
n1,n2
+ (Ea − Eb)
(
∂λ
∂T
)
n1,n2
(10)(
∂Ec
∂T
)
n1,n2
= Rc +
(
∂Ec
∂T
)
n
(c)
1 ,n
(c)
2
(11)
Rc =
∑
k=1,2
(
∂Ec
∂n
(c)
k
)
T,n
(c)
j
(
∂n
(c)
k
∂T
)
n1,n2
, j 6= k (12)
The last term in Eq. (11) can be recognized as the heat capacity for a homogeneous system
composed of only one phase c
(c)
v = cv(T, n
(c)
1 , n
(c)
2 ). Therefore, Eq. (10) can be summarized
as
cv(T, n1, n2) = λc
(a)
v + (1− λ)c
(b)
v +∆cv (13)
∆cv = λRa + (1− λ)Rb + (Ea − Eb)
(
∂λ
∂T
)
n1,n2
(14)
When the system approaches to the binodal boundary from inside, λ → 0, or λ → 1. For
instance, cv(T, n1, n2) → c
(a)
v + Ra + (Ea − Eb) (∂λ/∂T )n1,n2 when λ → 1. Approaching the
same point, but from outside the binodal, yields cv(T, n1, n2) → c
(a)
v . Hence we have a
discontinuity Ra + (Ea − Eb) (∂λ/∂T )n1,n2, where the first term contains several derivatives
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evaluated at the binodal boundary, while the second contribution is proportional to the
energy difference between the coexisting phases. Expressions for the several derivatives
appearing in Eqs. (10)-(12), can be found in the Appendix.
III. RESULTS AND DISCUSSION
In this section we show and discuss the results obtained for the binodal region and its
thermodynamical properties as described by the selected models of the nuclear interaction.
In particular we analyze the specific heat at constant volume throughout the phase transition,
and in the case of symmetric nuclear matter we consider the definition of a latent heat and
evaluate its temperature dependence.
For the Skyrme model the SLy4 parametrization is used, for which t0 = −2488.91 MeV fm
3,
t1 = 486.82 MeV fm
5, t2 = −546.39 MeV fm
5, t3 = 13777 MeV fm
7/2, x0 = 0.834, x1 =
−0.344, x2 = −1, x3 = 1.354, γ = 1/6 [17].
For the QHD model with iso-vector mesons the parametrization given by Ref. [18] is used,
for which (gs/ms)
2 = 10.33 fm2, (gw/mw)
2 = 5.42 fm2, (gc/mc)
2 = 2.5 fm2, (gr/mr)
2 = 3.15
fm2, A/g3s = 0.033 fm
−1, B/g4s = −0.0048.
The saturation density, binding energy, incompressibility and symmetry energy obtained are
n0 = 0.159 fm
−3, EB = −15.97 MeV, K = 229.9 MeV, ES = 32 MeV in the Skyrme model,
and n0 = 0.16 fm
−3, EB = −16 MeV, K = 240 MeV, ES = 30.5 MeV for the QHD model.
Another significative quantity is the in-medium nucleon mass m∗ at the saturation density,
the values m∗/m = 0.694, and m∗/m = 0.75 are obtained for the Skyrme and QHD models,
respectively.
In first place the binodal region is constructed for both models. Some results corresponding
to the temperatures T =5 and 10 MeV are shown in Fig. 1, in a plot of pressure versus
proton abundance y = (1 − w)/2. It can be seen that for the Skyrme interaction the
coexistence of phases extends up to larger pressures. The range of temperatures, instead,
is smaller. The critical temperatures are 14.5 MeV and 15.9 MeV for Skyrme and QHD,
respectively. It is worthwhile to mention that for high isospin asymmetries w (low y) the
transition is of retrograde character. This situation can be appreciated more clearly in a plot
of the pressure as a function of the global particle density, and several isospin asymmetries,
as shown for T = 10 MeV in Fig. 2. Continuous lines correspond to the physical results,
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whereas dashed lines represent non-equilibrium states previous to the Gibbs construction.
For high neutron excess (w = 0.6) the retrograde transition differs only slightly from the non-
corrected pressure. In this circumstance, the mechanical stability condition (∂P/∂n > 0) is
verified, but some of the matter diffusion conditions ∂µ1/∂n > 0, ∂µ2/∂n < 0 is not fulfilled.
Furthermore, from the same figure it can be appreciated that within the non-equilibrium
region of highly asymmetric matter the Skyrme model presents higher incompressibility
than the QHD case. This is a consequence of the fast increase of the pressure, but keeping
almost unchanged densities, chemical potentials, and specially the derivatives of the chemical
potentials. Hence, larger pressures are obtained in the former case within the range of
densities that do not satisfy the equilibrium conditions. This fact explains why the binodal
region extends up to larger pressures in the Skyrme than in the QHD calculations, as shown
in Fig. 1.
The effects of the Gibbs construction on the free energy are shown in Fig. 3. In order to
ease the comparison, the rest mass contribution has been removed from the QHD results. It
can be corroborated that the coexistence of phases effectively minimizes the free energy, and
changes its convexity also. For the temperature shown, T = 5 MeV, there is a retrograde
transition for w = 0.9.
As a special case we consider matter globally iso-symmetric, in such a case it behaves
as a one component system [10]. Along the phase separation the coexisting states have
w = 0, and the pressure remains almost constant. In this sense the LGPT resembles a
first order transition. This circumstance can be appreciated in Fig. 4, where the density
dependence of the pressure in the Skyrme model is shown for several temperatures. The
dashed line encloses the coexistence area. As it was pointed out, there is no discontinuity in
the thermodynamical potentials and it is particularly true for the entropy. Notwithstanding,
the difference T (S(T, n(a)) − S(T, n(b))) represents the heat transferred as the LGPT is
accomplished isothermically. It is interesting to compare this quantity with the latent heat
corresponding to a first order phase transition. It must be noticed that some calculations
find a first order LGPT in the nuclear medium, even for two components systems. See for
instance [13], where particle correlations beyond the mean field approximation are included.
Therefore the thermal dependence of this variation could be used to characterize the order
of the change of phases.
In a recent paper [3] the latent heat for the LGPT in symmetric nuclear matter was studied
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for several parameterizations of the Skyrme model. In order to compare results, we consider
the quantity
L = T (S(T, n(a))/n(a) − S(T, n(b))/n(b)), (15)
along an isothermal within the binodal, which coincides with the definition of the specific
latent heat for a first order transition. For a given temperature, the coexisting states with
nucleon densities n(a) and n(b) are determined by the conditions of equal chemical potentials
and pressures, so that L depends only on the temperature. In Fig. 5 the results obtained
for the SLy4 parametrization and nonlinear QHD model are shown. The behavior is similar
in both cases, with maximum values Lmax = 29.7 MeV and Lmax = 30.8 MeV for Skyrme
and QHD forces, respectively. The value L = 0 is reached at the critical temperature. We
corroborate some of the conclusions enunciated in [3], a) when T → 0, L approaches to the
binding energy at the saturation density; b) for low temperatures L grows almost linearly,
c) for the greater Lmax corresponds the larger critical temperature.
Now we consider the specific heat capacity at constant volume, evaluated according to
Eqs. (10)-(12). In first place we examine the results for the Skyrme model, as shown in
Fig. 6, where the density dependence of the heat capacity is displayed for several isospin
asymmetries. Dashed lines represent the results obtained without the Gibbs construction.
There are discontinuities at the thresholds of the binodal, as discussed at the end of section
IIC. For a given temperature, the discontinuity decreases with the asymmetry w, as expected
from the fact that pure neutron matter does not exhibit instabilities of the LGPT type.
Within the binodal, cv is a decreasing function of the density, in contrast to its behavior
outside. Comparing the upper and lower panels of this figure, a general increment around
60% is observed in the specific heat at T = 10 MeV respect to the T = 5 MeV outcome. For
all the curves shown, there are jumps toward greater values of cv as the system reach the
pure liquid state. The only exception occurs for the greater value of w shown in each figure,
for which a retrograde transition takes place. The comparison with the results obtained
using the QHD model can be made by examining Fig. 7. There is a general agreement with
the previous description, with slightly greater values of cv corresponding to the QHD case.
As a particular situation, it can be mentioned that for T = 10 MeV, w = 0.6 the curve for
cv does not show an appreciable discontinuity at the higher transition density n = 0.47n0,
because it is at the limit, in the isospin asymmetry variable, separating full and retrograde
evolution.
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The thermal dependence of Cv is shown in Fig. 8, for some selected values of the global
density and asymmetry. For this purpose we have chosen the Skyrme model, because the
QHD results do not differ qualitatively. The heat capacity per particle exhibits an evident
discontinuity of a few units at the threshold of the binodal. An increasing behavior is
obtained for the full range of temperatures examined. As expected, this quantity approaches
to zero as the temperatures vanishes, according to the Nernst principle [19]. On the other
hand for high enough temperatures, the specific heat approaches asymptotically to the non-
interacting limit 3kB/2. The degree of convergence to this limit depends essentially on
the global density n, with a negligible influence of the isospin asymmetry. The transition
temperature is both a decreasing function of w (for fixed n), and n (for fixed w).
It can be observed that the magnitude of the discontinuity diminishes with both n and w.
For the lowest density shown n/n0 = 0.2 the greatest jump correspond to the lower isospin
asymmetry w = 0.2, at T ≃ 14 MeV, and for the neutron rich state w = 0.8 the discontinuity
at T ≃ 10.5 MeV decreases a 60 %.
The results shown in Fig. 8(a) can be contrasted with Fig. 6 of Ref. [13]. The comparison
must be cautious since the latter used a canonical description for a high (but finite) number
of particles in a inhomogeneous probe of nucleons. For A=1000 the heat capacity increases
softly with temperature, up to a characteristic temperature T ≃ 10 MeV, where reaches a
peaked maximum. For higher T the heat capacity remains almost constant. The difference
∆Cv/N between the maximum and the plateau varies within the range 5-25, decreasing
with the asymmetry w. In contrast we obtain a high rate of growth before the critical
temperature, which is of the same order T ≃ 10 MeV. Furthermore, the drop from peak
to the plateau is lesser than 4. In our calculations the precise location of the temperature
corresponding to the maximum decreases with w, in opposition to the behavior shown in
[13].
IV. CONCLUSIONS
In this work we have examined the behavior of the heat capacity of infinite homogeneous
nuclear matter in the region of low particle density and low temperature, taking the isospin
composition as a relevant parameter. For this purpose we have selected two different
descriptions of the nuclear interaction. Both, the non-relativistic Skyrme potential and the
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field theoretical QHD model have been extensively used in the literature with remarkable
success. Although these effective models have very different foundations, they describe
appropriately the nuclear matter phenomenology for sub-saturation densities.
We have examined the region of thermodynamical instability, where nuclear matter
separates spontaneously in different phases. As we consider conservation of both neutron
n2 and proton n1 densities, it is found a three dimensional region of coexistence of phases.
As a consequence the thermodynamical potentials are continuous, leading to a second order
phase transition. Under these conditions, the heat capacity at constant volume has been
particularly analyzed.
As a first approximation we neglected the electromagnetic interaction, which could have
significant influence on the thermodynamical fluctuations leading to a change of phase, see
for example [8].
The description obtained corresponds to a region of the phase space wider than in previous
calculations, where more complex states of matter were considered [12, 13].
The Gibbs construction allows the conservation of the global densities of each isospin
component through the coexistence of two phases with local densities differing appreciably
from the global values n1, n2. The relative abundance of each of these two phases can
be represented through a parameter 0 < λ < 1. The energy of the system is expressed
as a linear combination of the energy of each phase, with coefficients λ and 1 − λ. The
evaluation of the heat capacity requires some care, since its definition prescribes derivatives
at constant global densities, which does not imply fixed local densities. The temperature
dependence of λ must also be considered.
We have found qualitative agreement between the predictions of both models. Only small
differences can be found, for instance in the extension of the binodal region, the critical
temperature and the maximum value of the specific heat capacity.
As expected in a second order phase transition, the heat capacity exhibits a discontinuity
at the boundary of the binodal. A detailed characterization of this discontinuity has been
presented in terms of the thermodynamical variables for the full range of the coexistence
of phases. For a fixed temperature we found a discontinuity at very low density and other
one at a relatively greater value, corresponding to the passage to pure gas and pure liquid,
respectively. As the isospin asymmetry is increased, the full transition is replaced by a
retrograde one. The high density discontinuity in cv has opposite behavior for each of these
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situations. For instance, in the retrograde evolution, cv decreases suddenly when the matter
leaves the coexistence region towards the pure liquid phase.
The thermal variation of the specific heat, at fixed density or isospin asymmetry, also shows
a sharp but finite jump at a characteristic value. The location of this critical temperature
decreases with both n and w.
The magnitude of the discontinuity in the heat capacity per particle is lesser than 4,
diminishing for increasing density and asymmetry.
As a special situation, we examined the change of phase for symmetric nuclear matter,
which develops at very low pressures. In such a case we examined the entropy variation
between the final states of an isothermal process within the binodal, and we have compared
it with the latent heat L, defined for a first order phase transition. As a function of
temperature L(T ) has a maximum value and vanishes for the critical temperature. We have
found small differences between Skyrme and QHD predictions, and a general agreement
with recently published results [3].
Appendix
The derivatives appearing in Eqs. (10), (11) are obtained as solutions of a set of algebraic
linear equations. We start taking derivatives of Eqs. (9) keeping constants n1, n2, for
k = 1, 2. After rearranging terms we obtain
0 = (n
(a)
1 − n
(b)
1 )
[
λ
∂n
(a)
2
∂T
+ (1− λ)
∂n
(b)
2
∂T
]
+ (n
(a)
2 − n
(b)
2 )
[
λ
∂n
(a)
1
∂T
+ (1− λ)
∂n
(b)
1
∂T
]
(A.1)
∂λ
∂T
=
[
λ
∂n
(a)
1
∂T
+ (1− λ)
∂n
(b)
1
∂T
]
/(n
(a)
1 − n
(b)
1 ) (A.2)
In the next step, derivatives of Eqs. (8) are taken, giving(
∂µ
(a)
j
∂T
)
n
(a)
1 , n
(a)
2
+
∑
k=1,2
(
∂µ
(a)
j
∂n
(a)
k
)
n
(a)
l
, T
∂n
(a)
k
∂T
=
(
∂µ
(b)
j
∂T
)
n
(b)
1 , n
(b)
2
+
∑
k=1,2
(
∂µ
(b)
j
∂n
(b)
k
)
n
(b)
l
, T
∂n
(b)
k
∂T
(A.3)
where j = 1, 2 and l 6= k. When there is no explicit statement, partial derivatives respect
to T are evaluated holding the global densities n1, n2 fixed.
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Writing P (T, n1, n2) =
∑
b µb nb −F(T, n1, n2) before derivating Eq. (7), leads to
∑
j=1, 2
(
n
(a)
j − n
(b)
j
)(∂µ(a)j
∂T
)
n
(a)
1 , n
(a)
2
+
∑
k=1,2
(
∂µ
(a)
j
∂n
(a)
k
)
n
(a)
l
, T
∂n
(a)
k
∂T

 = Sb − Sa (A.4)
with Sc = S(T, n
(c)
1 , n
(c)
2 ).
Eqs. (A.1)-(A.4) constitute a set of five equations in the unknowns ∂n
(c)
j /∂T, j = 1, 2, c =
a, b and ∂λ/∂T . Some of the coefficients are model dependent, for instance in the Skyme
model we have(
∂µ
(a)
j
∂n
(a)
k
)
n
(a)
l
, T
=
∂µ˜
(a)
j
∂n
(a)
k
+ (a0 − IjIka2)/8−
β
(8pi)2
∑
i
(b0 + IiIjb2)
2H
(a)
i3
+
γt3n
γ
a
48
[
3(γ + 3) + 2wa(1 + 2x3)(Ik − Ij) + (1 + 2x3)(1− γ)w
2
a
]
+
β
8pi2
∑
i
(b0 + IiIjb2)H
(a)
i2
∂µ˜
(a)
i
∂n
(a)
l
, l 6= k
∂µ˜
(a)
j
∂n
(a)
k
=
[
4(IjIk − 1) + β(b2IjIk − b0)H
(c)
j 2
]
/8 β H
(c)
j 1(
∂µ
(a)
j
∂T
)
n
(a)
1 , n
(a)
2
= β
[
µ
(a)
j +
v
(a)
j
8
+
γt3
48
n(a) (1+γ)
(
3− (1 + 2x3)w
2
a
)
−
H
(a)
j2
2m
(a)
j H
(a)
j1
]
+
(
β
4pi
)2∑
k
(b0 + IjIkb2)
(
H
(a)
k3 −
H
(a) 2
k2
H
(a)
k1
)
/m
(a)
k
where the effective mass mk and potential vk have been given in Sec. IIA, and
H
(a)
jk =
1
pi2
∫
∞
0
dp p2kfj(T, n
(a)
1 , n
(a)
2 )
[
1− fj(T, n
(a)
1 , n
(a)
2 )
]
.
Furthermore(
∂Ea
∂T
)
n
(a)
1 , n
(a)
2
=
(
β
2pi
)2∑
j
(
H
(a)
j3 −
H
(a) 2
j2
H
(a)
j1
)
/m
(a)
j
(
∂Ea
∂n
(a)
k
)
n
(a)
l
, T
=
n(a)
8
(a0 − Ikw
(a)) +
1
4
∑
j
(b0 + b2IjIk)K
(a)
j +
γt3
48
n(a) (1+γ)
(
3− (1 + 2x3)w
2
a
)
−
β
8pi2
∑
j
[
(b0 + IjIkb2)
(
H
(a)
j3 +
H
(a) 2
j2
H
(a)
j1
)]
/m
(a)
j −
1
2
∑
j
(1 + IjIk)
H
(a)
j2
m
(a)
j H
(a)
j1
Similar calculations have been carried out within the QHD model, but in this case further
complications arise because the interaction is mediated by the meson fields.
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FIG. 1: Isothermal sections of the binodal corresponding to T=5 MeV (a) and T=10 MeV (b), for the
selected models. The line convention specified in (a) is used for both cases.
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FIG. 2: The pressure as a function of the global density of particles corresponding to T=10 MeV and
several isospin asymmetries w, for the Skyrme (a) and QHD (b) models. Continuous lines correspond to
physical states in thermodynamical equilibrium, dashed lines represent predictions of the models without
the Gibbs construction.
19
-2.0
-1.5
-1.0
-0.5
0.0
0.5
(a)

 
 
[M
e
V 
fm
-
3 ]
w = 0.9
w = 0.6
w = 0.2
 
 

 
 
[M
e
V 
fm
-
3 ]
0.0 0.2 0.4 0.6 0.8 1.0
-2.0
-1.5
-1.0
-0.5
0.0
0.5
(b)
w = 0.9
w = 0.6
w = 0.2
  
 
n / n0
FIG. 3: The free energy density as a function of the global density of particles corresponding to T=5 MeV
and several isospin asymmetries w, for the Skyrme (a) and QHD (b) models. Continuous lines correspond
to physical states in thermodynamical equilibrium, dashed lines represent predictions of the models without
the Gibbs construction.
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FIG. 4: The pressure for isospin symmetric nuclear matter as a function of the global density of particles,
for a set of temperatures ranging from T =0 to the critical temperature Tc = 14.5 MeV within the Skyrme
model. The dashed line represent the boundary of the binodal.
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FIG. 5: The thermal dependence of L, see Eq. 15, corresponding to the LGPT for symmetric nuclear
matter, as given by the selected models.
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FIG. 6: The heat capacity per unit volume in terms of the global density of particles for several asymmetries
w, corresponding to T=5 MeV (a) and T=10 MeV (b), within the Skyrme model. Continuous lines corre-
spond to physical states in thermodynamical equilibrium, dashed lines represent predictions of the model
without the Gibbs construction.
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FIG. 7: The heat capacity per unit volume in terms of the global density of particles for several asymmetries
w, corresponding to T=5 MeV (a) and T=10 MeV (b), within the QHD model. Continuous lines correspond
to physical states in thermodynamical equilibrium, dashed lines represent predictions of the model without
the Gibbs construction.
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FIG. 8: The heat capacity per particle, within the Skyrme model, in terms of the temperature for n/n0 = 0.2
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